Procedures for maintaining cultures, for obtaining large batches of growth liquor, for isolating cell walls from Arthrobacter crystallopoietes, and for assaying cell-wall lysis and proteolysis, including the assay with dinitrofluorobenzene (DNFB), were those described previously (5).
Procedures for maintaining cultures, for obtaining large batches of growth liquor, for isolating cell walls from Arthrobacter crystallopoietes, and for assaying cell-wall lysis and proteolysis, including the assay with dinitrofluorobenzene (DNFB), were those described previously (5) .
In certain experiments, proteolysis was measured by the enzymatic solubilization of dye complexes from Azocoll, degraded collagen coupled to an azo dye (Calbiochem). To a 25-ml Erlenmeyer flask were added a 0.1-to 0.5-nil amount of enzyme, 1.0 ml of 0.05 M tris(hydroxymethyl)aminomethane (Tris)-HCl buffer containing 10-4 M ethylenediaminetetraacetate (EDTA) at pH 9.0, and water to a total volume of 2.5 ml. The reaction was started by the addition of 10.0 mg of Azocoll. After exactly 10 min of shaking in a water bath at 38 C, the reaction mixture was filtered quickly through a sintered-glass filter. The absorbancy of the filtrate was determined at 580 m,4 with a Beckman DU spectrophotometer. A reaction mixture containing Azocoll, but no enzyme, was similarly incubated and filtered; the absorbancy of this mixture was used as a blank. Eight flasks could be assayed easily in each experiment by making the Azocoll additions at 1-min intervals. A unit of proteolytic activity with Azocoll as substrate is defined as an increase in absorbancy at 580 mu of 0.001 in 10 min at 38 C. Specific activity is defined as units per milligram of protein. The Azocoll assay was used for most experiments, but is not as sensitive as the DNFB assay. In all enzymatic assays, the reaction time and the amount of enzyme used were chosen so as to be within the linear range of enzyme action and to be valid for the amount of enzyme used.
To determine the mechanism by which the enzyme hydrolyzes cell walls of A. crystallopoietes, 0.1 ml of purified enzyme was incubated at 38 C with 50 mg of cell walls in 5.0 ml of 0.025 M Veronal buffer (pH 9.0). Duplicate 0.1-ml samples were removed periodically to determine reducing sugars by the method of Park and Johnson (19) and free amino groups by the procedure of Ghuysen and Strominger (7) .
Density gradient centrifugation of the enzyme was done by the technique of Martin and Ames (14) . A 0.1-ml sample of enzyme containing 0.3 mg of protein with a specific activity of 75,000 was layered on top of a linear 5 to 20% (w/v) sucrose gradient in each of two Lusteroid centrifuge tubes. As a control, a third tube was layered with 0.1 ml of a mixture containing 0.5 mg of lysozyme and 0.5 mg of bovine serum albumin. The tubes were centrifuged at 102,000 X g for 22 hr at 5 C in a SW-39 rotor in a model L Spinco centrifuge. After centrifugation, the bottom of each 524 CELL-WALL LYSIS BY A PROTEOLYTIC ENZYME tube was punctured with a no. 21 hypodermic needle, and 7-drop fractions were collected; 1 ml of distilled water was added to each fraction. Fractions showing absorbancy at 280 m,u were assayed for cell-wall lytic and proteolytic activities.
Ultracentrifugal analysis was conducted in a Spinco model E ultracentrifuge with a 0.3% solution of purified enzyme in distilled water. The AN-D rotor was employed at a speed of 59,780 rev/min. A temperature of 20 C was maintained, and exposures were taken at 32-min intervals with the Schlieren optics. The molecular weight of the enzyme was determined by the gel filtration technique described by Andrews (1). A column (1.5 by 61 cm) of Sephadex G-100 was prepared and washed with 0.1 M KCl in 0.05 M Tris buffer at pH 9.0. A 1.0-ml sample of enzyme containing 3.0 mg of protein with a specific activity of 74,000 was added to the top of the column and was washed through with the KCl-Tris solution at a flow rate of 8 ml/hr. Samples of 1.0 ml were collected; absorption of each sample at 280 m,u was determined, and those fractions containing absorbing material were assayed for cell-wall lytic and proteolytic activity. The molecular weight of the enzyme was determined by comparing its elution volume with those of several proteins of known molecular weight.
The procedure of Reisfeld, Lewis, and Williams (21) was employed, with minor modifications, for polyacrylamide-gel disc electrophoresis studies. A 1-ml amount of a small-pore gel solution was placed in glass tubes (0.5 by 9.0 cm) and was allowed to polymerize. Over this was layered 0.15 ml of large-pore solution which was then photo-polymerized. On top of this layer, 0.15 ml of large-pore solution containing 100 1Ag of purified enzyme was added and photo-polymerized. The tubes, sample uppermost, were attached to the anode buffer tray, which was then filled with f3-alanine-acetate buffer (pH 4.5). The cathode tray containing the same buffer was placed directly below, and the gel tubes were immersed in the buffer. The cathode tray was placed in an ice bath and was agitated with a magnetic stirrer to minimize heating of the gel tubes. A current of 5 ma per tube was applied for 90 min. The gel columns were then removed from the tubes. One column was stained with Amido Black, and excess stain was removed electrophoretically. Another gel column was sliced into 1.5-mm segments; each section was placed in a separate test tube, and a 0.5-ml amount of 0.01 M Tris buffer (pH 9.0) was added to each. Each disc was macerated with a glass rod, and the tube was shaken for 20 min at room temperature. A 0.25-ml sample was removed from each tube and assayed for cell-wall lytic activity; the remaining material was assayed for proteolytic activity.
Electrophoresis 
RESULTS
We established previously (5) that both cellwall lytic and proteolytic enzymatic activities were exocellular and could be precipitated by acetone or ammonium sulfate. A viscous material also was precipitated by these procedures, which complicated and limited subsequent purification procedures. Upon further investigation, a procedure has been developed for the selective precipitation of the enzyme by zinc chloride, with the viscous material remaining in the supematant fluid. The results of a typical purification of cellwall lytic and proteolytic activities are summarized in Table 1. A 1-liter amount of growth liquor containing 440 units per ml of cell-wall lytic activity and 85 units per ml of proteolytic activity was cooled to 4 C, and the pH was adjusted to 6.7 with 3 N HCI. All subsequent purification steps were carried out at 4 C in a cold room. As this solution was vigorously stirred, 20 ml of a 10% solution of ZnCl2 which had been filtered through filter paper was added dropwise to the growth liquor. A flocculent gray precipitate formed and, after standing for 20 min, was collected by centrifugation at 10,000 X g for 15 min. The clear amber supernatant fluid was decanted, and a 10-ml sample was dialyzed for 36 hr against four changes of 10-4 M sodium EDTA in 0.01 M Tris buffer (pH 9.0). The dialyzed supernatant fluid contained no cell-wall lytic or proteolytic activity. The remaining supernatant solution which contained over half of the total starting protein was discarded. The precipitate was suspended in 200 ml of 0.05 M Tris buffer (pH 9.0) which contained 10-3 M sodium EDTA, and was blended for 2 min in a chilled Waring Blendor. The suspension was centrifuged at 10,000 X g for 10 The dialyzed, citrate-buffer supernatant solution contained 63% of the original cell-wall lytic activity with a 192-fold increase in specific activity. The values for proteolytic activity were approximately the same, 187-fold purification with 60.6% recovery.
The dialyzed material was concentrated under vacuum to 30 ml, and 1.2 ml of 0.5 M glycineNaOH buffer (pH 10.5) was added to give a final concentration of 0.02 M. This solution was applied to a column (2 by 23 cm) of DEAE cellulose which had been equilibrated with the 0.02 M glycine buffer. The column was washed with 300 ml of 0.02 glycine buffer at pH 10.5, followed by a linear NaCl gradient to 1.0 M. Fractions of 5.0 ml were collected and assayed for absorbance at 280 my and for cell-wall lytic and proteolytic activity. The results are presented in Fig. 1 . All of the cell-wall lytic and proteolytic activity was washed through the column without being adsorbed. A dark-brown band which adsorbed at the top of the column was eluted partially by the NaCl gradient. This material contained no enzymatic activity. Essentially all of both cell-wall lytic and proteolytic activity was recovered from the column with an ircrease in specific activity for each of over twofold. The fractions containing enzyme activity were pooled, concentrated under vacuum to 5 ml, and applied to a column (2.2 by 47 cm) of Sephadex G-100. The enzyme was washed through the column with 0.025 M Tris buffer (pH 9.0), and 2.0-ml fractions were collected. Each fraction which exhibited absorbance at 280 m,u was assayed for cell-wall lytic and proteolytic activities. Both activities emerged from the column in a single sharp peak (Fig. 2) . The specific activity of the cellwall lytic and proteolytic activities increased by 65 and 66.5%, respectively, and high recoveries of both were obtained (Table 1) . With the use of India ink, a void volume for the column of 26 ml was found. The enzyme peak emerged from the column at 61 ml. The ratio of the effluent to void volume is 2.35 which, according to the data of Whitaker (23) , indicates that the enzyme has a molecular weight of less than 10,000.
The completed purification resulted in a product with an increase in specific activity for cellwall lysis of 632-fold and for proteolysis of 620-fold. The overall recoveries were essentially the same, 60.3% for cell-wall lysis and 59 % for proteolysis.
A variety of ion-exchange materials were tested batchwise to see whether a differential adsorption of the two enzymatic activities could be obtained. A 1-g amount of the resin, from which excess moisture had been removed with a Buchner funnel, was added to 2.5 ml of the enzyme, which had been partially purified by zinc precipitation but not treated with DEAE cellulose or Sephadex. In each instance, the adsorbent and enzyme previously were equilibrated with the same buffer. The mixture was shaken for 30 min in an ice bath, and the adsorbent was removed by filtration. Assays of protein content, cell-wall lytic activity, and proteolytic activity were performed before and after treatment. The results are summarized in Table 2 . In no instance was one activity adsorbed to the exclusion of the other. The enzyme was adsorbed by calcium phosphate gel and by the cation exchangers, hydroxylapatite and CM cellulose. DEAE cellulose in excess adsorbed less than 20% of the total protein at pH 7.2 or 8.0; nearly half was adsorbed at pH 9.0, and at pH 10.0 two-thirds of the protein was adsorbed. The number of units of activity remained nearly constant before and after DEAE cellulose treatment at all pH values, indicating that protein other than the enzyme was being adsorbed.
An estimate of the homogeneity and molecular weight of the enzyme was obtained by employing the density gradient technique of Martin and Ames (14) . The results (Fig. 3) show that both cell-wall lytic and proteolytic activities are found in a single band remaining at the top of the gradient. Lysozyme with a molecular weight of 14,400 to 14,700 (11) was located slightly further from the meniscus, indicating a similar and probably lower molecular weight for the myxobacter AL-1 enzyme. That cell-wall lytic and proteolytic activities remain together in the centrifugal field is further evidence that a single enzyme catalyzes both reactions. The possibility of two enzymes each with a low molecular weight cannot be ruled out by this experiment.
The ultracentrifugation pattern of the purified enzyme is shown in Fig. 4 The results of the gel filtration (Fig. 2) , sucrose gradient centrifugation (Fig. 3) , and ultracentrifugation (Fig. 4) indicate that the enzyme is of low molecular weight. The molecular weight was determined by comparing the effluent volume of the enzyme from a Sephadex G-100 column with those of several proteins with established molecular weights. The molecular weights of the proteins used in standardizing the column were taken from the literature as follows: cytochrome c (13), ribonuclease (10), lysozyme (11), soybean trypsin inhibitor (24), trypsin (3), and ovalbumin (22) . As shown in Fig. 5 , a linear relationship exists between the effluent volumes and the logarithm of the molecular weights of the proteins tested. The curve can be extrapolated to include the experimental point for the effluent volume of the myxobacter AL-1 enzyme. From the position of this point, a molecular weight for the enzyme of 8,700 was calculated. The same result was obtained with a similarly calibrated Sephadex G-75 column.
The results of electrophoresis of the enzyme on cellulose acetate strips reveal that it migrates toward the cathode as a single band at pH values ranging from 7.0 to 11.0 (Fig. 6 ). Migration toward the cathode at pH 11.0 indicates that the enzyme is a basic protein.
The technique of disc electrophoresis on polyacrylamide gel has proved to be extremely sensitive for the determination of protein homogeneity (4, 18) . The results of applying this procedure to the purified AL-1 enzyme are shown in Fig. 7 . The enzyme preparation was resolved into one major and two very faint bands. The gel was cut into segments, each of which was assayed for lytic activity. Cell-wall lytic and proteolytic activities were found only in two adjacent segments, FIG. 4 the position of which corresponds to that of the major protein band (Fig. 7) . No lytic activity was detected in the segments containing the faint bands; these may represent denaturation of the enzyme during electrophoresis.
The evidence thus far presented is compatible with the concept that a single enzyme catalyzes both cell-wall lysis and protein hydrolysis. A series of experiments were performed to define and compare some of the properties of the two activities. A sharp pH optimum at 9.0 was observed for both cell-wall lysis and proteolysis (Fig. 8) . Each of the four buffers listed was used at a concentration of 0.02 M, the breaks in the One column was stained with Amido Black; the other was sliced into 1.5-mm segments, and each was tested for cell-wall lytic activity and proteolytic activity (DNFB procedure). At the top is shown a reproduction of the stained gel and at the bottom the position of enzyme activity in the corresponding sections. The effect upon the enzyme of varying the concentration of Tris buffer at pH 9.0 and phosphate buffer at pH 7.8 is shown in Fig. 9 . Cell-wall lytic and proteolytic activities are equally susceptible to increased ionic strength of the two buffers. Phosphate buffer was particularly inhibitory, the enzyme being completely inactive at 0.1 M and nearly so at 0.05 M. Tris buffer was less inhibitory, the level of activity at 0.1 M being 58% of that at 0.005 M. In the absence of added buffer, the enzyme was weakly active.
The stability of the enzyme in 0.02 M Tris buffer (pH 9.0) at different temperatures was determined. As shown in Fig. 10 , at each temperature the decrease in activity with time of cell-wall lysis and proteolysis was essentially identical. The enzyme was stable at 4 C for 8 hr, and after 48 hr 93% of the activity remained; at 35 C the enzyme retained 87% of its activity after 8 hr; at higher temperatures, the stability of the enzyme decreased rapidly.
The effect of pH upon the stability of the enzyme was determined. The to 11.0. At zero-time and after 1 hr of incubation, 0.1-ml samples were removed, and the cell-wall lytic and proteolytic activities were determined. As shown in Fig. 11 , the two activities responded (Fig. 12) . Amino groups were freed enzymatically at a rapid linear rate for 2 hr, followed by a more gradual release from albumin and casein and an abrupt leveling off for gelatin. The numbers in parentheses in Fig. 12 refer to percentage of amino groups released by the enzyme compared with those released by acid hydrolysis. Thus, for albumin, 37 %, for casein, 33 %, and for gelatin, 15 % of the total amino groups were released by the enzyme.
The release of amino groups and of reducing sugars during digestion of cell walls by the enzyme was followed. The results (Fig. 13) 
